Abstract.There is a large number of hydropower generating units in the UHVDC transmission project of Hami-Zhengzhou power network. The hydro-thermal hybrid power generation have great safety and economic benefits. Primary frequency regulation is an important means of maintaining the stability of grid frequency. Under the condition of high proportion of hydropower units, this paper analyzes the influences of different parameters on grid frequency, and the joint frequency control strategy of hydro-thermal power units. And simulation results verify the feasibility of the joint control strategy for the hydro-thermal hybrid power generation units, which is of great significance to the stability of the whole sending-end grid and even the stability of UHVDC transmission system.
Introduction
Energy distribution in China is very uneven. For the western region, wind and hydro resources are abundant, while the electricity demand of developed regions is large, such as the eastern coastal areas. Due to natural conditions and the uneven distribution of power and load, it is inevitable that the ultra-long distance, large-capacity power transmission is widely used in the future [1] . UHVDC transmission technology has the characteristics of fast power controllable, large transmission capacity, long transmission distance, high utilization rate of line corridor, flexible control and convenient dispatching. Therefore, it has become the main engineering technique for inter-regional power grid interconnection and construction of UHV backbone network. And it plays an important role in the power transmission from west to east and the resource allocation optimization in China [2, 3] .
According to China's energy structure development plan, multi-energy power generation is the future trend of energy development. At present, there are a large number of hydropower units and wind power units in the newly-built UHVDC power transmission grids, which brings a challenge to the safety and reliability of the power grid. Therefore, the primary frequency modulation capability of the UHVDC system is of great significance for the safe operation of the power grid [4] . Taking the Hami-Zhengzhou UHVDC transmission project as an example, the local hydropower generating capacity of the power transmission network is even more than several times that of the thermal power units. The characteristics of the governing system for the hydropower units undoubtedly have a significant impact on the stability of the UHVDC transmission system. Moreover, the primary frequency modulation characteristics of hydropower units are quite different from that of thermal power units, and it is of great significance to analyze the characteristics of the two different generating units.
Currently, research on the primary frequency modulation characteristics of the generating sets can be divided into the following aspects, such as the research of frequency modulation strategy [5, 6] , the research of frequency modulation parameters on grid stability [7, 8] , and the improvement of modeling method [9, 10] . Due to the low versatility of the existing governor power regulation parameters, which makes it is difficult to meet the requirement of the power regulation and the primary frequency regulation under different operating conditions, some scholars put forward an improved power regulator model of the turbine governor and verified its primary frequency modulation characteristic [11] . Aiming at the different modeling methods of the governor system for thermal power units and the accuracy of model parameters, a unified modeling method of governor system was established, and the analysis and optimization were carried out [12] . The influences of two parameters including speed governing droop and governor dead zone on the frequency stability of power system were studied in [13] . To sum up, the existing literature mainly study the modeling methods and optimization of the governor systems for different generating units, and they only study the primary frequency modulation characteristics of the single generation system. However, there is still a lack of the coordinated control strategy for the primary frequency modulation of the multi-energy generation system.
In this paper, the primary frequency modulation characteristics of stand-alone hydro power units and stand-alone thermal power units are studied, and the joint control strategy for hydro-thermal power generation system are analyzed, which gives full play to their advantages and has an important significance on the stability of the whole sending-end grid and even the UHVDC transmission system.
Speed Governing System Model

Speed Governing System Model of Hydraulic Turbine
The PM model in the PSD-FDS (Power System Department-Full Dynamic Simulation) program is adopted as the speed governing system model of hydraulic turbine. The schematic diagram of speed governing system model for hydraulic turbine is presented as shown in Fig.1 . Figure 1 . Speed Governing System Model of Hydraulic Turbine.
Where T G is the governor response time; T P is the guide valve time constant; P UP and P DOWN is the water gate opening and closing speed; T w is the inertia time constant of water flow.
Speed Governing System Model of Thermal Power Units
The GI model in the PSD-FDS(Power System Department-Full Dynamic Simulation)program is adopted as the speed governing system model of thermal power units. The schematic diagram of speed governing system model for thermal power units is presented as shown in Fig.2 . Figure 2 . Speed Governing System Model of Thermal Power Units.
Comparative Analysis of Frequency Modulation Characteristics
Using the above-mentioned model, the simulation results of frequency response characteristics for single hydro and thermal power unit with isolated network are calculated and presented, as shown in Fig.3 and Fig.4 . Performance comparison between hydropower unit and thermal power unit is presented, as shown in Table. 1. If the control instruction or servo travel and load have a good linearity, the response amplitude can be effectively protected. Otherwise, the response amplitude corresponding to the permanent slip mayn't be reached or may be exceeded.
Joint Frequency Modulation Strategy of Hydro-thermal Power Units
In the sending-end grid of Ha-Zheng UHVDC transmission system, under operation conditions with the higher proportion of hydropower load, the regulation characteristics between hydropower power units and thermal power units are very different and have a very sharp contrast. Research on the joint frequency modulation strategy of thermal power units and hydropower units will give full play to their respective advantages, and make up for each other's deficiencies, and be of significance to the stability of the whole sending-end grid and even the stability of UHVDC transmission system.
Effect of Key Parameters for Hydro-thermal Power Units
According to the above analysis, it can be seen that the primary frequency modulation characteristics of hydro-thermal power units are quite different. For the hydro-thermal power units, it is necessary to give full play to the rapidity of thermal power unit and the continuity of hydro power units. The regulation of hydropower units will appear dynamic anti-regulation, but the anti-regulation process will last only 1-3 seconds and the magnitude of that is not significant. Therefore, compared with the local anti-regulation of hydropower units, the sustainability and rapidity of frequency modulation response have a greater contribution to the stability of grid. In addition, improving their respective frequency modulation response capabilities (rapidity and steady-state persistence) can significantly improve the integrated frequency modulation capability and frequency stability of the hybrid power grid.
1) Hydropower integral action and thermal power feed-forward coefficient Fig.5 shows the frequency responses of the hybrid power grid with different integral action for the hydropower unit. Fig.6 shows the frequency responses of the hybrid power grid with different primary frequency modulation feed-forward coefficients for the thermal power unit. Fig.7 shows the frequency responses of the hybrid power grid under the combined effect of the integral action for the hydropower unit and the feed-forward effect for thermal power unit.
As can be seen from Fig.5 , due to the strong frequency modulation sustainability of hydropower unit, it can reduce the dynamic overshoot and steady-state deviation of the grid frequency of hybrid power grid by strengthening the integral action of hydropower unit. As can be seen from Figure 6 , due to the strong initial frequency modulation capability of thermal power unit, to enhance its primary frequency modulation feed-forward effect means to significantly reduce the dynamic deviation and stability time of the grid frequency. It can be seen from Fig. 7 that the integral action of hydropower unit and the feed-forward action of thermal power unit can play the advantages of them for the hybrid power unit, and there is no great conflict, which plays an important role in reducing the dynamic overshoot of grid frequency and accelerating the restoration of grid frequency. 2) Other governor regulation parameters In this paper, the influence of frequency modulation capacity, dead zone, permanent slip, guide vane closing time and proportional gain of controller on the grid frequency of hydropower are analyzed. For hydropower units and thermal power units, the influences of frequency modulation capacity, dead zone and permanent slip on the grid frequency stability are similar. It can be seen from Fig. 8 , Fig.9 and Fig. 10 that these factors have little effect on the anti-regulation power of the hydropower, but the influence on the frequency deviation of the primary frequency modulation is more obvious. Therefore, the lower frequency modulation dead zone, higher frequency capacity and smaller permanent slip are conducive to the stability of primary frequency modulation characteristics. It can be seen from Fig. 11 and Fig. 12 that increasing the vane closure time constant or decreasing the controller proportional gain can reduce the anti-regulation power of the hydropower unit during the initial phase of the primary frequency modulation, but it will reduce the subsequent power regulation rate, resulting in an adverse effect on grid stability. Therefore, if the non-linear guide vane closure time or the non-linear proportional gain of the controller is adopted, it may be possible to suppress the anti-regulation power in the initial stage and speed up the power response in the subsequent process, thereby improving the frequency modulation capability of hybrid power units. On the other hand, if the non-linear control cannot be used, due to the anti-regulation time of hydropower unit is short, the fast response of frequency modulation and the steady-state persistence are more important, compared with the local anti-regulation. The smaller the guide vane closing time and the larger the controller proportional gain can significantly improve the integrated frequency modulation capability and frequency stability of the hybrid power grid.
Effect of Capacity Ratio for Hydro-thermal Power Units
As the sending-end grid, the power transmission load of Xinjiang grid is high. And a large number of small hydropower units don't participate in the frequency modulation. According to these characteristics, this paper builds the simulation model of Xinjiang power grid as follows. Assuming that the non-frequency modulation units in the grid accounts for 30% and the outgoing load is 10%. Besides, in the first 1s of simulation process, the DC blocking and outgoing interruption are assumed. Then the generating power of the Xinjiang power grid will be higher than the power load, and the grid frequency will increase suddenly. The frequency modulation actions for hydropower and thermal power units will be adopted, resulting in fast reducing power generation to maintain the stability of grid frequency. In this paper, several key parameters are selected to analyze the effects of these parameters on the grid frequency after the accident.
In this paper, the power grid frequency variation trends after the accident with different proportions of hydropower and thermal power are simulated and calculated when guide vane time constant of hydropower unit is 0.5s. The results are shown in Fig.13 : From Fig.13 , the following conclusions can be drawn: 1)Under the condition of certain outgoing power, with the increase of hydropower proportion, the dynamic overshoot of grid frequency increases, so that the accident of UHVDC blocking is likely to trigger large-scale high-frequency generator tripping(the over-speed protection action of thermal power is 103% of rated speed ), resulting in a large oscillation or even collapse of the grid. Therefore, there must be a maximum hydropower proportion limit under different conditions. That is to say, within the range of hydropower proportion limit, the dynamic overshoot caused by the primary frequency modulation of hydropower will not cause the high frequency generator tripping;
2)With the increase of the hydropower capacity proportion, the steady-state frequency deviation of the hybrid grid becomes small gradually. Therefore, without causing high-frequency generator tripping and other emergency actions, the proportion of hydropower capacity should be increased as much as possible;
According to the above analysis results, reasonable arrangements for the proportion of hydropower capacity should be calculated and selected according to the current frequency modulation capacity, the ratio of outgoing power, natural conditions and other factors. Under a certain frequency modulation capacity, as far as possible to improve the capacity of hydropower units, which plays an important role in the frequency stability of UHV transmission grid.
Effect of Command-load Nonlinearity
The hydropower units and thermal power units are basically adjusted by the flow to achieve the regulation of unit load. The steam valve for thermal power unit and guide vane for hydropower unit are the important components of regulating the flow, which makes the flow and load have the obvious non-linear characteristic. Generally, some non-linear corrections are used in the control system to compensate for the non-linearity between command and actual load. However, experience shows that the gaps cannot be ignored between the non-linear corrections and the ideal linear law. Fig.14 shows the measured curves between the load command and the actual flow rate before and after the transformation of a certain unit. It can be seen from Fig. 14 that the differences between the measured curves and the ideal curve are not significant under 75% load, but with the increase in load command, the non-linear effects increase, resulting in the gradual increase of non-linear deviations within high load area. Although the gaps seem not obvious from the curves, but the slopes of the measured curves only are about 0.4 when load command is above 85%. That is, 40% of the theoretical value.
Thermal Power Unit. Despite the primary frequency modulation amplitude of the actual thermal power unit can be determined by the load feedback (speed droop) and the steady-state frequency modulation amplitude can be guaranteed through the integral control link, the integral role of controller in the initial dynamic process can not appear quickly. The frequency modulation action relies on the load command feed-forward acting on the DEH door opening. But 40% of the slope represents the load rising and decline speed caused by feed-forward command is only 40% of the ideal speed under the actual frequency difference, which severely restricts the response capability during the initial frequency modulation process. Fig.15 shows the influence of command-load slope deviation of thermal power on grid frequency. It can be seen that, due to the effect of the load feedback and integral effect, after 10 seconds the FM amplitude outputs of two units are basically the same. But within 10 seconds, the primary FM correction feed forward effect is more obvious. However, the nonlinearity of the load and the command severely restricts the frequency modulation capability of the thermal power unit, resulting in a significant amplification of the frequency deviation. Therefore, the linear relationship between the command and the actual load of the thermal power unit can guarantee the frequency modulation capability in the initial stage of the disturbance, which plays an important role in the sending-end grid under the condition of UHV transmission. Hydropower Unit. For hydropower units, the nonlinear relationship between the command and the load is related not only to the non-linear characteristic of the guide vane itself, but also to the potential difference (the head). With the same valve opening under different head, the variation of the flow rate will be a big difference. Therefore, the regulation linearity of hydropower unit is more difficult to guarantee than the thermal power unit. At the same time, there are more serious flaws in the primary frequency control loop of hydropower unit.
Among them, the integral action is used to garantee frequency deviation and frequency modulation amplitude. The actual load is chosen as the feedback for the thermal power unit. However, the command feedback or guide vane opening is generally chosen as the feedback for the hydropower unit, which means that as long as the command or guide vane opening achieves the requirement of permanent state slip, the hydropower unit will not carry on the further revision and adjustment. On the other hand, if the non-linearity of the command or guide vane opening and the actual load is large, the hydropower unit faces the same problems with thermal power unit about the rapidity of the initial disturbance dynamic response and the steady-state frequency modulation amplitude. Compared to thermal power units, these factors have more serious impacts for hydropower units. Fig .16 shows the effect of command-load slope deviation of hydro power on grid frequency. It can be seen from Fig.16 that due to the characteristics of the hydropower unit controller itself, the actual non-linear regulation diviation makes the dynamic overshoot and steady-state deviation of actual grid frequency enlarged. Therefore, if we can guarantee the load regulation linearity of the hydropower unit and adopt the related adjustments to the control system, for example, the actual load is used as feedback instead of command or guide vane opening, the frequency modulation capability of hydropower units can be improved, resulting in the great improvement of requency stability of Xinjiang grid with the high proportion of hydropower as a UHV power transmission grid.
Conclusion
In this paper, the primary frequency modulation characteristics of thermal power units and hydropower units are analyzed and the joint control strategy of hybrid power grid is discussed. Research on the joint frequency modulation strategy will give full play to their respective advantages and be of significance to the stability of the whole sending-end grid and even the stability of UHVDC transmission system. According to the simulation results, the following suggestions are put forward to improve the stability of the power grid: 1) As long as the factors and parameters are related to the stability and continuity of the thermal power units and hydropower unit, by improving these factors, the integrated frequency modulation capability and the frequency stability of the hybrid power grid can be significantly improved. For example: strengthening the integral role of hydropower controller, strengthening the frequency modulation feed-forward effect of thermal power, the lower the FM deadband, the higher the FM capacity and the smaller permanent slip are conducive to the stability of primary frequency modulation;
2) The increase of the capacity of hydropower unit will increase the dynamic overshoot of grid frequency. In order to avoid the generator tripping action of power grid, the proportion of hydropower capacity should not exceed a certain limit under the condition of certain outgoing power. On the other hand, without causing high-frequency generator tripping and other emergency actions, the proportion of hydropower capacity should be increased as much as possible, which is conducive to frequency stability;
3) The linearity level of the frequency modulation command and the load for the hydropower units involved in the primary frequency regulation should be standardized. If possible, replace the original controller feedback using the load feedback, in order to guarantee the frequency modulation amplitude to meet the requirement of the permanent slip. By regulating the linearity requirement between the control command and the load of the thermal power unit involved in the primary frequency regulation can greatly improve the rapidity of frequency modulation of the thermal power unit, thereby enhancing the stability of the power grid.
